We propose that a nucleotide template-based mechanism facilitates the acquisition of the K65R mutation in subtype C human immunodeficiency virus type 1 (HIV-1). Different patterns of DNA synthesis were observed using DNA templates from viruses of subtype B or C origin. When subtype C reverse transcriptase (RT) was employed to synthesize DNA from subtype C DNA templates, preferential pausing was seen at the nucleotide position responsible for the AAG-to-AGG K65R mutation. This did not occur when the subtype B RT and template were used. Template factors can therefore increase the probability of K65R development in subtype C HIV-1.
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Antiretroviral drugs (ARVs) work by inhibiting the replication of human immunodeficiency virus type 1 (HIV-1). However, little information is available as to whether subtype diversity may affect responsiveness to therapy, and in general, the same treatment recommendations are applied to HIV-1 infections regardless of subtype (2, 9, 20, 21) . Indeed, many reports have shown ARVs to be effective in the management of non-B infections. However, clinical studies in Western countries usually involve a follow-up of 2 to 4 years, in contrast to only 6 to 18 months in resource-poor settings (12) . The conclusion that few subtype-specific differences may exist in regard to drug resistance mutations and responsiveness to therapy may be premature (2, 6, 9, 12, 13, 16) .
Our laboratory has reported that the selection of the K65R resistance mutation by tenofovir occurs much faster in subtype C than in subtype B HIV-1 in cell culture (3) . Recent findings also suggest that there may be an increased risk of K65R selection in subtype C infections after treatment failure The double-stranded DNA of the pol gene that spans codons 63 to 67 is indicated. Bases that differ between the two subtypes are in bold. The site of acquisition of the K65R mutation due to an A-to-G change is highlighted. The adenine stretch, which ends at the bold G in subtype C, is underscored, whereas the stretch is shifted toward codon 66 in subtype B.
Recently we showed that there are few differences between the reverse transcriptases (RTs) of subtypes B and C on an enzymatic level (8) . We hypothesized that some subtype differences may be governed by sequence polymorphisms. HIV-1 has high adenine content (ϳ35%), with many adenine homopolymer tracts, at the end of which RT exhibits characteristic pausing (11, 14, 18, 23) . Such pause sites have been proposed to increase rates of strand transfer, recombination, misalignment, and misincorporation events that can contribute to the development of silent polymorphisms and drug resistance mutations (1, 4, 10, 14, 18, 24). Pausing at position ϩ5 is attributable to early-stage initiation events. Lanes 10 through 18 depict (ϩ)strand DNA synthesis with subtype C wild-type RT on a subtype C template. Strong pausing is seen at residue 65 and is associated with the more rapid development of the K65R mutation in subtype C. Pausing at position ϩ4 is attributable to early-stage initiation events. (B) Lanes 1 through 9 depict (ϩ)strand DNA synthesis with subtype C wild-type RT on a subtype B template, and lanes 10 through 18 depict (ϩ)strand DNA synthesis with subtype B wild-type RT on a subtype C template, both showing similar results to those in panel A. The pausing events are independent of the RT enzymes and depend on the sequences used. (C) Depiction of the templates and primers used. Primers and primer annealing regions of the templates are in bold, and the regions at which pausing is seen on both templates are underlined.
The K65R resistance mutation results from an AAA 3 AGA or AAG 3 AGG transition in HIV-1 subtypes B and C, respectively (Fig. 1) . In both cases, the adenine located at the central position in the triplet codon mutates into a guanine; however, the nucleotide sequences of residues 64 and 65 are different in subtypes B and C. Based on codon usage, these polymorphisms should not yield any variation between the two subtypes. To better understand why K65R might be selected faster in subtype C under drug pressure, we now studied the acquisition of this mutation based on differences in template nucleotide sequences.
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Reverse transcription involves the copying of positive-strand [(ϩ)strand] RNA into negative-strand [(Ϫ)strand] DNA, followed by a first strand transfer and RNA degradation by the RNase H activity of RT. A second step involves the synthesis of (ϩ)strand DNA after a second strand transfer to yield double-stranded DNA, which becomes integrated into the host cell genome. We designed specific templates to mimic (Ϫ)strand DNA synthesis from the (ϩ)strand RNA template and (ϩ)strand DNA synthesis from the (-)strand DNA template in the context of HIV-1 subtypes B and C. (See the supplemental material for methods and template sequences.) First, we compared (ϩ)strand DNA synthesis from (Ϫ)strand DNA templates of either subtype B or C (Fig. 2) . Time course experiments performed with a wild-type recombinant subtype C RT enzyme revealed pausing with the subtype C template at the last two adenine residues of the newly synthesized adenine stretch (Fig. 2A) . The strongest pausing occurred at the first base of the coding sequence for residue 65, showing that RT is impaired in its ability to synthesize DNA at the exact nucleotide position responsible for the K65R mutation. As a control, we also used a recombinant subtype B RT enzyme and obtained similar results (Fig. 2B) . Next, we assessed the combination of a subtype B (Ϫ)strand DNA template and subtype B RT; pausing occurred with a lesser intensity at a site immediately following the adenine stretch ( Fig.  2A) . In addition, a ladder of pausing sites of increasing intensities was observed throughout the adenine stretch in the pol coding sequence responsible for positions 65 to 67, regardless of whether RT of subtype B or C was employed ( Fig. 2A and  B) . The pausing sites detected at the ϩ5 and ϩ4 positions are attributable to early stages of the initiation of (ϩ)strand DNA synthesis in subtypes B and C, respectively.
These results demonstrate that the observed pausing is a nucleotide template-specific effect that is independent of the subtype of the RT enzyme used. Although adenine stretches are difficult for RT to synthesize (11, 14, 18, 23) , there appear to be differences between such stretches in subtype B versus Although not yet demonstrated, the strong pausing site with the subtype C template may result in dislocation mutagenesis, during which correct incorporation into a misaligned template primer followed by realignment could create the mismatch (23) . Such a mechanism is consistent with the observed pausing. Both the homopolymeric nature of the nucleotide sequence of codons 64 and 65 of subtype C and the fact that the new base is the same as that found at the flank of the 5Ј homopolymeric (Ϫ)strand DNA sequence help to explain why the K65R resistance mutation pathway may be more readily selected in subtype C. We also studied subtype B and C (ϩ)strand RNA templates and tested them with their respective RT enzymes (Fig. 3) . The results revealed that pausing at early stages of the initiation of (Ϫ)strand DNA synthesis occurred at the ϩ4 and ϩ3 positions in subtypes B and C, respectively. Although slight pausing was also seen at codon 66 of the subtype C sequence, corresponding to the end of a short homopolymer stretch, it was quickly alleviated as the reaction proceeded beyond 4 min, making it unlikely that a base substitution event during synthesis of (Ϫ)strand DNA from (ϩ)strand RNA would occur.
These findings with DNA and RNA templates suggest that adenine/thymine-rich sequences may result in a dislocation at pausing sites which would allow for misaligned DNA synthesis and for a base substitution. In subtype C, the K65R mutation, due to an AAG 3 AGG transition during (ϩ)strand DNA synthesis from the (Ϫ)strand DNA template, is likely to occur at elevated rates, whereas no increased mutation probabilities are expected during the synthesis of (Ϫ)strand DNA from the (ϩ)strand RNA template.
The mechanism that we describe is based on the increased probability of a base substitution of HIV-1 RT in a subtypespecific nucleotide sequence, which results in the preferred selection of the K65R resistance mutation pathway in HIV-1 subtype C. This mutation can be readily maintained by any drug against which K65R confers resistance. Although the drug pressure that selects for K65R is similar in subtypes B and C, there is a fundamental difference between the two subtypes based on the propensity of the two respective templates to mutate at position 65. Previous studies have shown that the accuracy of DNA replication depends on the type of RT enzyme used and on the template sequence (11, 14, 19, 23) . Even though the RTs used in our study are from different subtypes, little variation was seen at an enzymatic level (8) . Therefore, variations at a genomic level of the pol nucleotide sequence, especially in homopolymers of adenine or thymine (11, 14, 18, 23) , are probably responsible. Such nucleotide regions often exhibit pausing sites that may be linked to rates of base substitutions.
Clinical data available to date show noticeable differences in rates of acquisition of K65R between different subtypes (7) but not to the extent predicted by our proposed model. Although K65R confers moderate resistance against most approved nucleoside and nucleotide reverse transcriptase inhibitors (17, 22) , high-level resistance may be accompanied by a loss of viral fitness (5) . Furthermore, the use of an effective triple regimen should result in long-term suppression of the viral load and prevent the outgrowth of any mutated species, as has been shown in numerous clinical trials, including some in which subtype C-infected patients have been enrolled (6, 15, 16) .
